Introduction
============

Epidermal growth factor receptor (EGFR) tyrosine-kinase inhibitor (TKI) has been proven to be an effective first-line treatment for non-small cell lung cancer (NSCLC) patients harboring the activating EGFR mutation of exon 19 deletion or L858R missense mutation,[@b1-ott-7-387]--[@b5-ott-7-387] with a response rate of over 70%, PFS of approximately 9--10 months[@b6-ott-7-387] and overall median survival of 30 months.[@b7-ott-7-387],[@b8-ott-7-387] However, acquired resistance to EGFR TKI therapy almost always develops, even in those who initially had dramatic responses.[@b9-ott-7-387] In nearly half of all cases, resistance is caused by a secondary missense T790M mutation.

However, most research has focused on T790M mutation as an acquired resistance after EGFR TKI treatment or on its mechanism in resistance, and the de novo fT790M mutation that existed at baseline before TKI treatment has been ignored in spite of its potential importance. Although always below the detection level of conventional DNA sequencing,[@b10-ott-7-387],[@b11-ott-7-387] this "baseline T790M" incidence has been reported to be much higher in recent trials using new detection methods. As a result, recently several trials have been published dealing with the predictive effect of pretreatment T790M mutation in activating EGFR mutation-positive patients who received TKI treatment. However, these trials were small in size, used different detection methods, and were unable to establish a definitive relationship between pretreatment T790M and progression-free survival (PFS) in EGFR TKI treatment. As far as we are aware, the metaanalysis presented here is the first major attempt to bridge this knowledge gap by using data pooled from those papers quantitatively, to gain insights into the predictive effect of pretreatment T790M mutation, and whether its detection could be useful in the management of activating EGFR mutation-positive NSCLC patients.

Methods
=======

Eligibility criteria
--------------------

Prospective studies to be included in this meta-analysis had to meet the following criteria:

1.  Patients enrolled had to have had histologically confirmed stage III or IV NSCLC.

2.  Patients must have had activating EGFR mutations with no EGFR TKI treatment before the study.

3.  Patients had to have been treated with either erlotinib or gefitinib in the study.

4.  T790M had to have been evaluated in the primary lung-cancer tissue of patients before EGFR TKI treatment, without limitation to the detection methods.

5.  Hazard ratios (HRs) and their confidence intervals (CIs) for PFS according to pretreatment T790M mutation status had to have been either reported in the study or calculable by us using data in the original article.

6.  The research had to have been published in English before May 2013.

Literature search strategy
--------------------------

Potential studies were identified by searching PubMed, Embase, Ovid The Cochrane Library, and American Society of Clinical Oncology (ASCO) abstracts. The terms "NSCLC", "epidermal growth factor receptor", "T790M", "PFS", and "pretreatment", were used to identify a total of 350 articles once duplicates were discounted. Thirteen potentially eligible trials focusing on the prediction of T790M mutation on survival analysis were identified. Of these, seven studies were excluded: four compared the post-resistance survival in patients with or without T790M mutation;[@b12-ott-7-387],[@b13-ott-7-387] one trial did not assess the PFS of patients with pretreatment T790M;[@b10-ott-7-387] one trial only gave the PFS for two patients with pretreatment T790M mutation and did not have an appropriate control arm;[@b14-ott-7-387] and one trial compared the PFS of patients with pretreatment T790M mutation but no activating mutation and patients with activating EGFR mutation.[@b15-ott-7-387] Of the remaining six trials, one was an abstract with only the response rate provided, with the full article not yet published;[@b16-ott-7-387] one[@b17-ott-7-387] used a part of the same patient group as another trial[@b18-ott-7-387] -- these two trials were excluded; and the remaining four trials were included in the meta-analysis ([Figure 1](#f1-ott-7-387){ref-type="fig"}).[@b18-ott-7-387]--[@b21-ott-7-387] The reference lists of all relevant articles were also searched for additional studies.

Data extraction
---------------

Information recorded from each trial included study name, year of publication, method of detection, sensitivity, whether the specimens were obtained in surgeries or biopsies, stage when specimens were obtained, histology, and percentage of T790M mutation. We extracted the HRs and the associated 95% CIs for PFS outcomes to assess the effect of pretreatment T790M mutation. These values were obtained directly from three trials.[@b18-ott-7-387],[@b20-ott-7-387],[@b21-ott-7-387] The estimated HR and CI of the first-line group in one trial[@b18-ott-7-387] were obtained using the methods proposed by Parmar et al.[@b22-ott-7-387] In one article, only survival curves were given.[@b19-ott-7-387] We emailed the authors for the HR and CI and were honored to receive also the original PFS for all the patients in that study. Multivariate Cox proportional hazard regression analysis was used to evaluate the HRs and CIs (in Fujita et al's study,[@b19-ott-7-387] only 35 patients with activating EGFR mutations were included).

Information was carefully extracted from all eligible publications independently by two of the authors according to the inclusion criteria presented here. Any disagreement was discussed with the third author until consensus was achieved.

Statistical analysis
--------------------

HRs and their 95% CIs were used to combine the data. A random effect model by DerSimonian and Laird[@b23-ott-7-387] was applied, since this method permits the combined assessment of heterogeneous studies to produce combined HR and 95% CI values. Heterogeneity of the individual HRs was calculated using chi-square tests according to Yusuf et al's method,[@b24-ott-7-387] as well as the heterogeneity tests with *I*^2^ and *Q* statistics. Publication bias was examined by a method described by Begg and Mazumdar[@b25-ott-7-387] and Egger et al's test.[@b26-ott-7-387] All *P*-values presented are two-tailed, with those \<0.05 considered statistically significant.

Stata software (v 12.0; StataCorp, College Station, TX, USA) was used to perform most of the data analysis.

Results
=======

Study and patient demographics
------------------------------

A total of 246 patients participated in the four trials (mean 61 per study; range 26--129). All the patients harbored activating EGFR mutations and were treated with gefitinib or erlotinib. All the trials dealt with advanced-stage NSCLC patients. Specimens were all tumor tissue before TKI use, biopsied at an advanced stage in three trials[@b18-ott-7-387],[@b20-ott-7-387],[@b21-ott-7-387] and surgically resected in one trial.[@b19-ott-7-387] In all four studies included in this meta-analysis, pretreatment T790M mutation was associated with PFS with EGFR TKI therapy, with three (75%) linking pretreatment T790M with shorter PFS and one (25%) reporting no significant impact on PFS. [Table 1](#t1-ott-7-387){ref-type="table"} summarizes the main details of the included trials.

Pretreatment T790M mutation in the four individual studies ranged from 34.88% to 80.00%, while the overall incidence was 43.10% (106/246 patients). Pretreatment T790M mutation was detected by four different methods, modified colony hybridization (CH),[@b19-ott-7-387] allele-specific selective androgen-receptor modulators (SARMs) assay,[@b20-ott-7-387] highly sensitivity matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS),[@b21-ott-7-387] and TaqMan® assay,[@b18-ott-7-387] with a sensitivity of 0.01%, 0.1%, 0.4%, and 0.02%, respectively. The pretreatment T790M mutation positivity differed according to the detection method used: 41.01% with MALDI-TOF MS, 38.46% with SARMs assay, 34.88% with TaqMan assay, and 80.00% with CH. Activating EGFR mutation was evaluated by direct sequence in all studies. Three trials examined patients with adenocarcinomas,[@b18-ott-7-387]--[@b20-ott-7-387] while the remaining study[@b21-ott-7-387] investigated 94.3% of adenocarcinomas and 5.7% of squamous-cell carcinomas.

Survival
--------

The combined HR for all four eligible studies was 2.602 (95% CI 1.011--6.695; *P*=0.047), indicating that pretreatment T790M mutation had a negative impact on the PFS of activating EGFR mutation-positive patients treated with EGFR TKI ([Figure 2](#f2-ott-7-387){ref-type="fig"}). Heterogeneity was tested (*Q*=14.65, *P*=0.002, *I*^2^=79.5). There is an important factor that should be taken into account. Was TKI the first-line treatment for the included patients? In fact, all the patients were treated with TKI without any treatment history except in one study,[@b18-ott-7-387] in which 64 of 129 patients were second-line TKI treated patients. In this study,[@b18-ott-7-387] we combined the HRs of only first-line TKI treated patients. The pooled HR was 1.954 (95% CI 1.068 to 3.574; *P*=0.03) ([Figure 3](#f3-ott-7-387){ref-type="fig"}).

Publication bias
----------------

To assess publication bias, Begg and Mazumdar's[@b25-ott-7-387] and Egger et al's[@b26-ott-7-387] tests were used, and *P*-values of 0.308 and 0.424, respectively, were obtained for all four studies; for all three advanced-stage specimen studies, *P*-values of 0.296 and 0.095, respectively, were obtained. These results suggest an absence of publication bias in all studies.

Discussion
==========

Previously, T790M drug-resistance mutation has generally been considered an acquired mutation, as it has been found in 40% to 50% of patients who had clinical tumor progression after response to TKI.[@b1-ott-7-387],[@b2-ott-7-387],[@b27-ott-7-387] However, in the four studies considered in our meta-analysis and some other studies, T790M mutation was found in more than 30% of patients at baseline, with the highest incidence being 80.00%.[@b19-ott-7-387] No association was found between the pretreatment T790M mutation and patient age, size of the tumor, or number of lymph nodes with tumor metastasis.[@b11-ott-7-387] Understanding the mechanisms of T790M mutation-related resistance and dealing with the resistance require the correct evaluation of the impact of pretreatment T790M mutation on EGFR TKI treatment in NSCLC patients with activating EGFR mutation.

The present meta-analysis summarized for the first time, as far as we are aware, nearly all of the available research discussing the impact of pretreatment T790M mutation on the survival of NSCLC patients who receive EGFR TKI treatment. The combined analysis of four published studies, which included 246 patients with NSCLC, yielded summary statistics indicating that pretreatment T790M mutation has a negative impact on PFS.

Significant heterogeneity was detected with heterogeneity testing between the four studies in our analysis; the same result was found even after pooling only first-line TKI treatment studies. Fujita et al's study,[@b19-ott-7-387] which showed no significant impact of pretreatment T790M mutation on the PFS of patients receiving EGFR TKI treatment, had the highest incidence of T790M mutation and may have been the source of most of the heterogeneity in the meta-analysis; when this study was excluded, the combined HR was 3.88 (95% CI 1.484--10.184; *P*=0.006), with inter-study heterogeneity remaining. With the high percentage of T790M mutation detected using the CH method,[@b19-ott-7-387] the authors themselves elevated the cutoff sensitivity to 0.5%, resulting in a lower incidence of T790M mutation of 22.9% (calculated using the detailed data obtained from the authors), while the heterogeneity was even more obvious (*Q*=25.67, *P*=0.001, *I*^2^=88.3). The difference in detection methods could explain the heterogeneity. Unfortunately, since the number of studies focused on the pretreatment T790M issue is limited, and each study in the meta-analysis used a different method of detection, we could not determine which method of detection was the most reliable.

Publication bias[@b25-ott-7-387] is a well-known problem in meta-analysis, since positive results tend to be accepted by journals but negative results tend to be rejected or not even submitted by researchers for publication.[@b28-ott-7-387] In our analysis, publication bias was not suggested, indicating the summary statistics obtained may approximate the actual average.

Theoretically, pretreatment T790M mutation might have negative impact on PFS due to survival advantage of cells with double mutations in the selective environment of TKI therapy. Some research has shown that the T790M mutant exhibits tyrosine phosphorylation levels comparable to wild-type EGFR, whereas the T790M/L858R double mutant exhibits a substantial increase in phosphorylation, compared with the L858R mutant alone.[@b29-ott-7-387] It has also been demonstrated that low percentages of resistant cells in the population (1% and 10%) display similar sensitivity to erlotinib as parental cells (0%),[@b30-ott-7-387] whereas sensitivity is reduced when T790M clones made up \>25% of the population, which explains why patients whose tumors harbor low levels of T790M can still undergo an objective radiographic response to EGFR TKI treatment,[@b20-ott-7-387],[@b31-ott-7-387] but relapse. Three studies[@b18-ott-7-387],[@b20-ott-7-387],[@b21-ott-7-387] included in this meta-analysis and two other studies[@b32-ott-7-387],[@b33-ott-7-387] have all demonstrated a shorter PFS in patients with pretreatment T790M mutation being treated with EGFR TKI. In another part of Maheswaran et al's study,[@b20-ott-7-387] SARMs assay was used for the serial analysis of circulating tumor cells in the blood, and an increased prevalence of the resistance T790M allele within circulating tumor cells over time, during TKI treatment, was shown.

In contrast, Fujita et al[@b19-ott-7-387] reported a nonsignificant and even positive correlation between presence of T790M mutation before EGFR TKI treatment and PFS (when the patients were divided with a cutoff sensitivity of 0.5%). Why the predictive role in this trial was found to be positive, in contrast to the results in most of the other trials, is unknown. However, the stage when the specimens were obtained (during curative surgeries) and the treatment received (surgery) are factors that may account for this discrepancy. In contrast, a longer survival time after TKI resistance in patients with T790M mutation was observed in several studies.[@b13-ott-7-387] So T790M mutation might be a positive prognostic factor for overall survival but a negative predictive factor for PFS in patients with activating EGFR mutation. There is no reasonable explanation for this as yet. It seems the beginning of T790M mutation could be heterogeneity, and the function as well as incidence of the T790M mutation could be different in different stages, which might also be influenced by treatment such as surgery. It becomes more apparent that the mechanisms underlying acquired TKI resistance are more complex than expected, and multiple factors are involved. The selection advantage is far from enough to elucidate the mechanism. In addition to the documented changes, such as secondary T790M mutation, altered EGFR trafficking, and *Met* gene amplification,[@b1-ott-7-387]--[@b3-ott-7-387],[@b6-ott-7-387] EGFR genetic heterogeneity might also contribute to acquired TKI resistance through the selection of preexisting resistant wild clones, at least in a proportion of NSCLCs.

The lack of an established therapeutic option for NSCLC patients who have progressive disease after EGFR TKI failure poses a great challenge to physicians in terms of how best to manage this growing group of lung-cancer patients. Second-generation TKIs that irreversibly inhibit the EGFR TKI domain may offer the potential for overcoming the resistance of T790M mutation to erlotinib and gefitinib. In the present meta-analysis, we demonstrated the negative impact of pretreatment T790M mutation on the PFS of NSCLC patients under EGFR TKI treatment. Thus, the detection of a minor clone harboring pretreatment drug-resistant EGFR T790M mutation by a suitable method may be useful in predicting the clinical outcome of patients and in choosing appropriate cancer therapies for them.

Conclusion
==========

In our meta-analysis, we found that pretreatment T790M mutation has a negative impact on the PFS of activating EGFR mutation NSCLC patients being treated with EGFR TKI. Although a shorter PFS was observed in several studies in these patients, since the best detection method and the presence of T790M mutation are still in debate, the possible prediction role and function of pretreatment T790M requires further studies to demonstrate.
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![Comparison of progression-free survival between patients with and without a T790M epidermal growth factor receptor (EGFR) mutation prior to treatment with an EGFR tyrosine-kinase inhibitor.\
**Note:** Weights are from random-effects analysis.\
**Abbreviations:** CI, confidence interval; HR, hazard ratio.](ott-7-387Fig2){#f2-ott-7-387}

![Comparison of progression-free survival between patients with and without a T790M epidermal growth factor receptor (EGFR) mutation prior to first-line treatment with an EGFR tyrosine-kinase inhibitor.\
**Note:** Weights are from random-effects analysis.\
**Abbreviations:** CI, confidence interval; HR, hazard ratio.](ott-7-387Fig3){#f3-ott-7-387}

###### 

Studies selected for meta-analysis

  Study                              Year   Number of patients   Method          Sensitivity of method (%)   Specimen   Histology                                                        T790M mutation, n (%)
  ---------------------------------- ------ -------------------- --------------- --------------------------- ---------- ---------------------------------------------------------------- -----------------------
  Fujita et al[@b19-ott-7-387]       2012   35                   CH              0.01                        Surgery    AD                                                               28 (80)
  Maheswaran et al[@b20-ott-7-387]   2008   26                   SARMs assay     0.1                         Biopsy     AD                                                               10 (38.46)
  Rosell et al[@b18-ott-7-387]       2011   129                  TaqMan® assay   0.02                        Biopsy     AD                                                               45 (34.88)
  Su et al[@b21-ott-7-387]           2012   56                   MALDI-TOF MS    0.4                         Biopsy     AD (94.3%) SQ (5.7%)[\*](#tfn1-ott-7-387){ref-type="table-fn"}   23 (41.07)

**Note:**

The percentage of 88 patients including 56 activating epidermal growth factor receptor-positive patients.

**Abbreviations:** AD, adenocarcinoma; CH, colony hybridization; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; SARMs, selective androgen-receptor modulators; SQ, squamous-cell carcinoma.
